Selection of Mean Excitation Energies for Compounds
The experimental information on I -values for compounds is steadily increasing. I -values for many molecular gases have been determined by Zeiss et ai. (1975, 1977a,b) , Thomas and Meath (1977), and Jhanwar et ai. (1981) from semi-empirical dipole oscillator-strength distributions. For liquid water and for various plastics, I -values have been obtained by Ritchie et ai. (1978) , Ashley (1979), and Painter et ai. (1980) from dielectric data. I -values for a large number of condensed compounds, obtained under uniform conditions, can be deduced from an experiment by Thompson (1952) who measured the pathlengths traveled by protons while slowing down from 340 Me V to 200 Me V in many organic liquids, in water, and in a few solids. Thompson showed that the ratios of these pathlengths, to the path length in a reference material (copper) can be interpreted as reciprocals of the corresponding stopping-power ratios at an intermediate energy. Thompson' s data have been reanalyzed, applying small multiple scattering corrections according to a procedure of Bichsel (private communication, 1978) and using shell corrections for copper, to obtain stopping-power ratios relative to copper at 267.5 MeV.
There are many compounds of interest for which one needs to estimate I -values in the absence of direct experimental information. It has been known since the early work of Bragg and Kleeman (1905) that the collision stopping-power of a compound can be approximated by the weighted sum of the stopping powers of the atomic constituents of the compound. For the mass collision stopping power, Seo!/ p, the additivity rule takes the form Seo!/ P = L Wj (Seo!/ p)j,
where Wj is the fraction by weight and (Seo!/ p)j; the mass collision stopping power of the j'th atomic constituent. This additivity rule is equivalent to replacing, in the stopping-power formula Eq. 2.16, the quantities Z/A, InI, and oby (Z/A) = L wj(Z/A j), (5.2) j InI = [rWj(Z/Aj)lnIj] I (Z/A) , (5.3) 0= [r Wj(Z/Aj)O'j]I (Z/A), (5.4) where Zj, A j , I j , and O' j pertain to the j'th constituent. It should be noted that (Z/ A) is equal to the total number of electrons in the molecule divided by the molecular weight. The value of 0 calculated from Eq. 5.4 is usually not accurate, and it is necessary to calculate the den-23 sity-effect correction directly for the compound of interest, using the appropriate density. The application of this additivity rule requires the choice of appropriate values for the mean excitation energies of the constituents. The simplest procedure, often used in the past, is to take the same I -values for the atomic constituents of a compound as for the corresponding elemental substances. This introduces some error because of the neglect of molecular binding effects. An additional error may be incurred when elemental I-values for gases (e.g., molecular oxygen) are applied to the constituents of solid compounds.
The accuracy of the additivity rule can be improved by assigning I -values to the constituents which are not unique but take on various values depending on the type of compound and on the physical state of aggregation of the medium. When carried to an extreme, this is equivalent to abandoning additivity and treating each compound separately. However, it is possible to find simple rules for assigning I -values to atomic constituents with which the I-values for a large number of compounds can be represented satisfactorily. We have adopted such an assignment scheme which is given in Table 5 .l.
A more elaborate assignment scheme was developed earlier by Thompson (1952) , who interpreted his experimental stopping powers for various compounds in terms of the stopping powers (and I -values) of atomic constituents in various chemical environments. I -values for atomic constituents extracted by the present methods from Thompson's stopping powers lead to the up-dated Thompson assignment scheme given in Table  5 .2. In this scheme, different I -values are assigned to constituents depending on the type of chemical bond involved. Thompson's conclusions as to the influence of bond types on the I -values of atomic constituents in organic liquids are quite plausible. However, the available data base is not sufficient to pin down these distinctions with great precision, and there is a need for further experiments similar to Thompson's.
Mean excitation energies for organic solids and other compounds have also been estimated by Brandt (1956 Brandt ( , 1958 Brandt ( ,1960 on the basis of experimental data and theoretical considerations. Brandt (1960) used as an initial approximation free-atom I -values for atomic constituents according to a formula of Jensen (1937), modified these values to take into account the valence states of the atomic constituents, and then assumed Bragg additivity. Brandt also applied a "low-energy densityeffect" correction which raised the mean excitation energy for the compound as a whole. His valence-state corrections and density-effect corrections were obtained from theoretical polarizability data for atoms and ex- perimental molar-refractivity data for molecular compounds. As will be shown later in connection with the comparisons set out in Table 5 .6, Brandt's theoretical I -values for low-Z compounds are not very different from those adopted in the present work. However, his I -values for compounds containing high-Z constituents tend to be too low, a fact already noted by Brandt with respect to silver halides in photographic emulsion. Table 5 .3 lists the presently available experimental I -values, and their origin, for 13 gases, 27 liquids, and 14 solids. The table also gives the differences between these I-values and corresponding Bragg-additivity 1values obtained with the adopted assignment scheme used here and that of Thompson. In most cases, these differences are smaller than the estimated experimental uncertainties. There are large discrepancies in only two cases, for liquid dichloroethane and for paraffin wax,11 For gases, the adopted assignment scheme works particularly well. For liquids, it is slightly inferior to Thompson's scheme, but for solids it is somewhat better.
Thompson's scheme includes more chemical detail than the one presented here, but, on the whole, works no better and is more complicated to apply. The scheme indicated in Table 5 .1 has, therefore, been used for the prediction of I -values when experimental data are not 11 Because the experimental I -value for paraffin wax is inconsistent with those for other condensed straight-chain hydrocarbons (npentane, n-hexane, n-heptane, and polyethylene), we have adopted the I -value of 55.9 e V, using the Bragg -additivity values according to Table 5 .1. This is the only case in which the Bragg-additivity value was adopted in preference to the experimental value. available. For compounds with the constituents H, C, N, and 0 (and perhaps also F and Cl), such predictions have a sound empirical basis. One would expect that the errors associated with such predictions will have the same order of magnitude as the differences between experimental and Bragg-additivity I -values in Table  5 .3. The situation is less clear in regard to condensed materials with atomic constituents other than those listed above. For these other constituents, the recommended assignment scheme (Table 5 .1) uses I-values that are 13% larger than the corresponding I -values for condensed elemental substances as given in Table 4 .3. This increase was found to be required to obtain a good approximation to the rather accurately known experimental I -values for A1 2 0 3 , Si0 2 , and photographic emulsion, and is also consistent with the less certain experimental data for LiF and CaF 2. In the absence of other information, we have assumed that the 13% increase should also be applied to the constituents of other compounds such as sodium iodide and cesium iodide. Certain composite materials, for example, tissueequivalent gases, pyrex glass, and human tissues, have constituent molecules whose I -values are known independently from experiments. In order to take advantage of this information, we have treated such composite materials via a Bragg rule for the combination of atomic and molecular constituents. For components of the human body, a prominent constituent with a known I -value is water. In Table 5 .4, the water content and I-values for various types of tissue and various aqueous dosimeter solutions are given. Table 5 .5 lists the adopted mean excitation energies, densities and elemental compositions for the 47 compounds and mixtures for which electron stopping-power 
Footnote tables are given in this report. et al. (1956) for protons with energies between 300 and 400 keY leads to a value of (88.7 ± 7.1) eV.
e From Thomas and Meath (1977) . • For the components labeled "ICRP," the compositions, densities and water content were taken from Tables 105 and 108 of ICRP (1975). For the tissues labeled "ICRU," the composition was taken from ICRU (1964); because this reference does not give other properties, the densities and water content were assumed to be the same as for corresponding ICRP soft or bone tissue.
b Composition similar to that adopted by Booz et al. (1982) based on data in Table 95 of Altman and Katz (1976): 80.00% water, 1.69% H, 9.02% C, 3.22% N, 3.06% 0, 2.64% P, and 0.37% S, by weight. C Composition from Sehested (1970): 0.001 mol L -1 ferrous ammonium sulfate and 0.001 mol L -1 sodium chloride in 02-saturated ("'0.250 mmol L -10 2 ) 0.8 N sulfuric acid aqueous solution. Equivalent to 96.1259% H 2 0, 3.8297% H 2 S0 4 , 0.0383% Fe(NH 4 l2(S04l2·6H 2 0, 0.0057% NaC!, and 0.0008% O 2 , by weight; or 10.8366% H, 0.0027% N, 87.8913% 0, 0.0022% Na, 1.2582% S, 0.0035% Cl, and 0.0055% Fe, by weight. Density estimated.
d Composition from Sehested (1970): 0.001 mol L -1 ferrous sulfate and 0.001 mol L -1 sodium chloride in 02-saturated ("'0.250 mmol L-1 O 2 ) 0.8 N sulfuric acid aqueous solution. Equivalent to 96.1362% H20, 3.830% H2S04, 0.0272% FeS04·7H20, 0.0057% NaCl, and 0.0008% O2, by weight; or 10.8372% H, 87.8964% 0, 0.0022% Na, 1.2552% S, 0.0035% Cl, and 0.0055% Fe, by weight. Density estimated.
e Composition from Sehested (1970): 0.01 mol L -1 ferrous ammonium sulfate in 02-saturated ("'1.1 mmol L -10 2 ) 0.8 N sulfuric acid aqueous solution. Equivalent to 95.9030% H 2 0, 3.8166% H 2 S0 4 , 0.3823% Fe(NH4)z(S04l2·6H20, and 0.0034% O 2 , by weight; or 10.8173% H, 0.0273% N, 87.7908% 0,1.3102% S, and 0.0544% Fe, by weight. Density estimated.
f Composition from Sehested (1970): 0.01 mol L -1 ferrous sulfate in 02-saturated ("'1.1 mmol L-1 O2) 0.8 N sulfuric acid aqueous solution. Equivalent to 95.9045% H 2 0, 3.8209% H 2 S0 4 , 0.2712% FeS04·7H20, and 0.0034% O2, by weight; or 10.8235% H, 87.8417% 0, 1.2803% S, and 0.0545% Fe, by weight. Density estimated.
g Composition: 0.015 mol L -1 ceric ammonium sulfate in 0.8 N sulfuric acid aqueous solution. Equivalent to 95.2827% H20, 3.7961% H2S04, and 0.9212% Ce(S04)2·2(NH4l2S04·2H20, by weight; or 10.7690% H, 0.0816% N, 87.5177% 0,1.4277% S, and 0.2041% Ce, by weight. Density estimated.
h Composition: 0.020 mol L -1 ceric ammonium sulfate in 0.8 N sulfuric acid aqueous solution. Equivalent to 94.9897% H20, 3.7845% H2S04, and 1.2258% Ce(S04)2·2(NH4l2S04·2H20, by weight; or 10.7457% H, 0.1086% N, 87.3885% 0,1.4857% S, and 0.2715% Ce, by weight. Density estimated.
i Composition: 0.010 mol L -1 ceric sulfate and 0.010 mol L -1 cerous sulfate in 0.8 N sulfuric acid aqueous solution. Equivalent to 95.1268% H 2 0, 3.7899% H 2 S0 4 , 0.3921% Ce(S04l2·4H20, and 0.6911% Ce2(S04la·8H20, by weight; or 10.7455% H, 8704524% 0,1.3944%, S, and 004077% Ce, by weight. Density estimated.
i Composition: 0.015 mol L -1 ceric sulfate and 0.015 mol L -1 cerous sulfate in 0.8 N sulfuric acid aqueous solution. Equivalent to 94.6120% H 2 0, 3.7694% H 2 S0 4 , 0.5859% Ce(S04lz·4H20, and 1.0327% Ce2(S04la·8H20, by weight; or 10.6991% H, 87.2272% 0,1.4645% S, and 0.6092% Ce, by weight. Density estimated.
k Composition: 0.0015 mol L -1 ceric sulfate and 0.0030 mol L -1 cerous sulfate in 0.8 N sulfuric acid aqueous solution. Equivalent to 95.9114% H 2 0, 3.8212% H 2 S0 4 , 0.0591% Ce(S04lz·4H20, and 0.2083% Ce2(S04la·8H20, by weight; or 10.8164% H, 87.7946% 0, 1.2866% S, and 0.1024% Ce, by weight. Density estimated. Chemistry and Physics (1979 ), The Condensed Chemical Dictionary (1977 ), The Reactor Handbook (1960 , manufacturers and suppliers literature, or from reports of other authors. Due to computer preparation of the tables, the densities are given to four figures, even though, in some cases, the values are significant to only two or three (usually indicated by the presence of terminal zeros); the number following the "E" indicates the power of 10. In some cases, the value for the density given is nominal, representing the mid-point of a range of densities. Density enters into the calculation of the mass collision stopping power only in the evaluation of the density-effect correction. b A plus (+) indicates a direct experimental mean excitation energy for the compound, taken from Table 5 .3. The mean excitation energies for air and methane-based TE gas are indicated as experimental, because these mixtures consist of constituents all of which have experimentally determined I -values. A double plus (++) indicates that the material was treated as a mixture of compounds, of which some~but not all~have experimentally determined I -values. If neither a plus (+) nor a double plus (++) is indicated, the adopted mean excitation energies were obtained by the application of the Bragg additivity rule, Eq. 5.3, using I -values for elemental constituents given in Table 5 .1. C The letter grade A, B, or C following the I -value is a qualitative indication of the estimated uncertainty as discussed in the text. d Smathers et at. (1977) and Goodman (1978) ; 45.14% polyethylene «C2H4)n), 35.32% nylon (duPont Elvamide 8062M), 16.06% carbon, and 3.85% calcium fluoride (CaF 2 ), by weight.
e From Tables 105 and 108 of ICRP (1975 Table 3 .5.1 of Barkas (1963) . 8 Composition (based on vinyltoluene, C 9 H IO ) and density is characteristic of "NE 102," "Ne 110," "NE 111," NE 113," "NE 114," "Pilot B," "Pilot F," "Pilot U," and "Pilot Y" plastic scintillators produced by Nuclear Enterprises, Inc. t Also known as "Lexan." U Also known as "Melinex." v Also known as "Lucite," "Plexiglas," "Perspex," PMMA resist. W Also known as "Styrofoam," "Styron."
x Also known as "Halon." y Rossi and Failla (1956); 64.4% methane (CH 4 ), 32.4% CO 2 , and 3.2% N 2 , by volume. Z Srdoc (1970); 55.0% propane (C3HS), 39.6% C02, and 5.4% N2, by volume. A letter grade (A, B, or C) is given next to each I -value in Table 5 .5, to indicate the relative quality of these data. The assignment of these grades was based on the information contained in Table 5 .3, but also involved subjective judgments. For the most part, the following guidelines were followed. Direct experimental I -values were given the grade A unless the experimental uncertainty was greater than 5%, in which case they were given the grade B. I -values for low-Z gas compounds were given the grade A. I -values for condensed com-pounds were given the grade B if the constituents consisted predominantly of the elements H, C, N, 0, F, or Cl. The grade C was given to I -values for condensed compounds which contain mainly other constituents whose I -values were adjusted upward by the 13% rule. We would assign an estimated uncertainty12 of ~5% with grade A, 5-10% with grade B, and 10-15% with grade C. In order to indicate how the recommended I -values for compounds have changed over the years, a comparison with previously recommended values is given in Table 5.6. For electrons, the dependence of the collision stopping power on the state of aggregation can be expressed completely through the mean excitation energy, pro-vided the Bethe stopping-power theory (without shell corrections) is applicable. This dependence is indicated in Table 5 .7 for a few elements and compounds. It should be noted that the values for molecular gases, liquids and solids are empirical, whereas those for "atomic gases" are from theoretical oscillator-strength distributions.
